Furan is a heterocyclic organic compound produced in the chemical manufacturing industry and also found in a broad range of food products, including infant formulas and baby foods. Previous reports have indicated that the adverse biological effects of furan, including its liver tumorigenicity, may be associated with epigenetic abnormalities. In the present study, we investigated the persistence of epigenetic alterations in rat liver. Male F344 rats were treated by gavage 5 days per week with 8 mg furan/kg body weight (bw)/day for 90 days. After the last treatment, rats were divided randomly into 4 groups; 1 group of rats was sacrificed 24 h after the last treatment, whereas other groups were maintained without further furan treatment for an additional 90, 180, or 360 days. Treatment with furan for 90 days resulted in alterations in histone lysine methylation and acetylation, induction of base-excision DNA repair genes, suggesting oxidative damage to DNA, and changes in the gene expression in the livers. A majority of these furan-induced molecular changes was transient and disappeared after the cessation of furan treatment. In contrast, histone H3 lysine 9 and H3 lysine 56 showed a sustained and time-depended decrease in acetylation, which was associated with formation of heterochromatin and altered gene expression. These results indicate that furan-induced adverse effects may be mechanistically related to sustained changes in histone lysine acetylation that compromise the ability of cells to maintain and control properly the expression of genetic information.
without further treatment (NTP, 1993) . Based on this evidence, IARC classified furan as "possibly carcinogenic" to humans (group 2B) (IARC, 1995) .
The carcinogenicity of furan has been attributed to genotoxic and non-genotoxic changes (Chen et al., 2010 FranssonSteen et al., 1997; Hickling et al., 2010; Jackson et al., 2014) in the liver. The exposure of rats and mice to furan at tumorigenic doses caused hepatocellular necrosis and apoptosis, sustained regenerative cell proliferation, and inflammation, which are key pathophysiological events involved in liver carcinogenesis (Fransson-Steen et al., 1997) . Also, furan exposure altered the expression of protein-coding and protein-non-coding genes, for example, short and long non-coding RNAs, and induced various epigenetic alterations (Chen et al., 2010 Jackson et al., 2014; Recio et al., 2013) .
In a previous study, we demonstrated that treating male F344 rats by gavage 5 days/week with furan at 0, 0.92, 2.0, or 4.4 mg/kg bw/day for 90, 180, and 360 days resulted in dose-and time-dependent epigenetic changes consisting of alterations in DNA methylation and histone lysine methylation and acetylation, altered expression of chromatin modifying genes, and gene-specific methylation (Conti et al., 2014) . This suggests the possible involvement of epigenetic mechanisms in the hepatotoxicity and carcinogenicity of furan; however, it is not clear (1) which of the epigenetic alterations are directly associated with furan treatment and (2) which may be involved in furan-induced liver tumorigenesis, since it is highly unlikely that all the epigenetic changes are equally important in the carcinogenic process.
Based on these considerations, in the present study we investigated the possible role of epigenetic events in furan-induced liver carcinogenesis by examining the extended evolution of epigenetic alterations in the livers of rats after exposure to furan had ceased. This approach should allow discrimination between treatment-related carcinogenic and noncarcinogenic changes (Bannasch, 1986) , including epigenetic alterations (Christman et al., 1993; Pogribny et al., 2006) , because only alterations that persist after removal of carcinogen are presumably involved in the tumorigenic process.
MATERIALS AND METHODS
Animals, experimental design, and treatments. Male F344 rats were obtained from the breeding colony at the National Center for Toxicological Research (NCTR). This strain of rats was used in a furan carcinogenicity bioassay conducted by the NTP 1993. Rats were housed in a temperature controlled room (24 C) with a 12-h light/dark cycle, and given ad libitum access to water and NIH-41 irradiated pellet diet. Forty-six-week-old male F344 rats were randomly distributed into control and experimental groups. Rats from the experimental groups were treated by gavage 5 days/week with 8 mg/kg bw/day furan in corn oil for 90 days. This dose was selected based on evidence that a lifetime exposure to furan at doses 4 mg/kg bw/day and greater induced hepatocellular adenomas and hepatocellular carcinomas in male F344 rats (NTP, 1993) . Rats from control group received only corn oil. Five rats from control and furan groups were euthanized by exsanguination following deep isoflurane anesthesia after the 90-day treatment period (time point 0). The remaining rats were then maintained without further furan treatment (stop-exposure groups) and 5 rats from each group were euthanized after an additional 90, 180, or 360 days. Agematched rats were maintained during the recovery periods and were used as controls. The livers were excised, and a slice of the median lobe was snap-frozen immediately in liquid nitrogen and stored at À80 C for subsequent analyses. All experimental procedures were reviewed and approved by the NCTR Animal Care and Use Committee.
Western blotting. The levels of mono-, di-, and trimethylation of histone H3 lysine 4 (H3K4), trimethylation of histone H3 lysine 9 (H3K9), H3 lysine 27 (H3K27), mono-and trimethylation of H4 lysine 20 (H4K20), and of acetylation of histone H3 lysine 9 (H3K9ac), H3 lysine 27 (H3K27ac), and H3 lysine 56 (H3K56ac) were determined by Western blot analysis as described in Conti et al. (2014) . Equal protein loading was confirmed by immunostaining against the total histone H4. Methylation-sensitive analysis of chromatin structure. The structure of hepatic chromatin was determined by a modified methylation-based analysis of nucleosomal DNA accessibility (Miranda et al., 2010) . This technique is based on the fact that CpG sites in DNA are protected from methylation when these sequences are wrapped around histones (Kladde and Simpson, 1994; Miranda et al., 2010) . Briefly, nuclei from 40 mg of liver tissue of control and furan-exposed rats were isolated and purified. After purification, the nuclei were incubated with 60 U of methylase SssI (M. SssI; New England Biolabs, Ipswich, Massachusetts) for 15 min at 37 C. The reaction was terminated by the addition of 150 ml of a solution containing 10mM Tris HCl, 300mM NaCl, 1% SDS, and 5mM disodium EDTA, and genomic DNA was extracted using a standard digestion with proteinase K, followed by phenol/chloroform/isoamyl alcohol extraction and ethanol precipitation (Strauss, 1989) . The extent of CCGG methylation was evaluated with a [ 3 H]dCTP extension assay after digestion of DNA with HpaII (Pogribny et al., 1999) .
Gene expression analysis using microarray technology. Total RNA was extracted from liver tissue samples using RNeasy Mini kits (Qiagen, Valencia, California) according to the manufacturer's instructions. Gene expression profiles of rat livers were determined using Agilent whole genome 8x60K rat microarrays (Agilent Technologies, Santa Clara, California). Sample labeling and microarray processing were performed as detailed in the "One-Color Microarray-Based Gene Expression Analysis" Version 5.5 (Agilent Technologies) protocol. The hybridized slides were scanned with an Agilent DNA Microarray scanner (Agilent Technologies) at 5 mm resolution. The resulting images were analyzed by determining the Cy3 fluorescence intensity of all gene spots (features) on each array using the Agilent Feature Extraction Software (Version 10.7). The raw data were then uploaded into the ArrayTrack database (Fang et al., 2009) . The median fluorescence intensity of all the pixels within one feature was taken as the intensity value for that feature. The raw intensity values were then normalized using 75 percentile channel scaling normalization within ArrayTrack. A list of differentially expressed genes was generated using a Student's t test at a P-value < 0.05 and a fold change >2. The microarray gene expression data were deposited in the NCBI's Gene Expression Omnibus database (accession number GSE63740).
Functional analysis of significant genes. The Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Kanehisa and Goto, 2000) was used to determine pathways that were enriched for the significant mRNA transcripts identified from the t test analysis using ArrayTrack. Significance values were calculated based on a right-tailed Fisher's exact test that determined whether a pathway was overrepresented by calculating whether or not the genes in a given pathway were enriched within the dataset compared with all genes on the array in the same pathway; a P < 0.05 was selected as the cutoff for significance based on KEGG threshold recommendations. Only those pathways with a P-value below the threshold and having more than 3 representative genes in the dataset were considered to be significant.
Methylated DNA immunoprecipitation analysis. Methylated DNA immunoprecipitation was performed with MethylMiner Methylated DNA Enrichment kits (Invitrogen, Carlsbad, California) according to the manufacturer's instructions. The methylation status of CpG sites located within the promoter/first exon region of Tmtc3, Mon1b, Pde5a, Stk39, and Gfap genes was determined by qPCR of DNA from immunoprecipitates and input DNA.
Chromatin immunoprecipitation assay. Formaldehyde cross-linking and chromatin immunoprecipitation (ChIP) assays with primary antibodies against H3K9ac (Abcam, Cambridge, Massachusetts) were performed by using a ChIP Assay kit (Millipore Corporation, Billerica, Massachusetts). Purified DNA from immunoprecipitates and input DNA were analyzed by quantitative PCR (qPCR) with primers for Tmtc3, Mon1b, Pde5a, Stk39, and Gfap genes. The primer sequences are presented in Supplementary Table 2 . The results were normalized to the amount of input DNA and presented as fold change for each DNA in liver of rats from experimental groups relative to agematched control rats.
Statistical analyses.
Results are presented as mean 6 SD. The results are presented as an average fold change in the livers of furan-treated rats relative to that in their respective agematched controls. Data were analyzed by 1-way analysis of variance, with pair-wise comparisons being made by the Student-Newman-Keuls method. Linear regression analysis was used to determine time-related trends. P-values < 0.05 were considered significant.
RESULTS

Effect of Furan Stop-Exposure on Histone Lysine Acetylation and Methylation
The disruption of a normal pattern of covalent histone modifications is an epigenetic event frequently observed upon chemical exposure (Arita et al., 2012; Dik et al., 2012; Sadikovic et al., 2008) . In order to determine whether or not furan treatment caused any alterations in histone lysine modifications, the levels of H3K9ac, H3K27ac, H3K56ac, H3K4me1, H3K4me2, H3K4me3, H3K9me3, H3K27me3, H4K20me1, and H4K20me3 were examined using Western immunoblotting in the livers of control rats and rats exposed to furan ( Fig. 1 and Supplementary Fig. 1 ). It has been demonstrated that these lysine modifications are associated with different chromatin states (Ernst et al., 2011) . Figure 1 shows that treatment with furan caused transient changes in the levels of histone H3K4me1 and a marked decrease in the levels of histone H3K9ac and H3K56ac. The levels of histone H3K9ac decreased by 62% and 53% in the 180-day and 360-day stop-exposure groups, respectively, and the levels of H3K56ac decreased by 55% and 76% in the 180-day and 360-day stop-exposure groups, respectively, when compared with the age-matched control rats. In contrast, furan treatment resulted in moderate changes in H3K4me2, H4K20me1, and H3K27ac ( Fig. 1 ) and had no effect on hepatic histone H3K4, H3K9, H3K27, or H4K20 trimethylation ( Supplementary Fig. 1 ).
Effect of Furan Stop-Exposure on DNA Damage
It has been suggested that, in addition to non-genotoxic mechanisms, persistent indirect DNA damage caused by reactive oxygen species may have significance in furan tumorigenicity (Hickling et al., 2010) . In light of this, the expression of base-excision DNA repair (BER) genes, a sensitive in vivo biomarker of persistent oxidative DNA damage (Powell et al., 2005; Rusyn et al., 2004) , was assessed in the livers of rats treated with furan. Figure 2 shows a significant increase in the expression of apurinic/apirimidinic endonuclease 1 (Apex), ligase 1 (Lig1), x-ray repair complementing defective repair in Chinese hamster cells 1 (Xrcc1), and flap structure-specific endonuclease 1 (Fen1) genes in the livers of rats treated with furan for 90 days. The expression of Lig1, Xrcc1, and Fen1 genes returned to a normal level 90 days after the cessation of furan treatment and Apex by the 180-day time point indicating that furan-induced oxidative DNA lesions had been repaired and DNA integrity restored (Fig. 2) .
Effect of Furan Stop-Exposure on Chromatin Structure
The observed changes in hepatic histone lysine acetylation in the furan stop-exposure groups may be indicative of chromatin structure alterations. Hence, the expression of transcriptional corepressors involved in regulation of chromatin and chromatin structure was investigated. Figure 3A shows that the expression of Ncor1, Smrt, and Sin3a was increased in the 360-day stopexposure group, by 1.9-, 2.0-, and 1.7-fold, respectively, when compared with the age-matched control rats. Analysis of the status of hepatic chromatin, by evaluating the accessibility of nucleosomal DNA to methylation at CpG sites, showed that rats exposed to furan for 90 days and rats from the 90-days postexposure group did not show changes in the chromatin structure when compared with the respective control groups (Fig. 3B) . In contrast, the livers of rats from the 180-day and 360-day stop-exposure groups were characterized by the formation of condensed chromatin. This was evidenced by 30% and 27%, respectively, greater incorporation of [ 3 H]dCTP into HpaIIdigested DNA from M. SssI-pretreated nuclei isolated from the livers of furan-exposed rats when compared with age-matched control rats.
Effect of Furan Stop-Exposure on Hepatic Gene Expression Profile
The formation of condensed chromatin may limit accessibility of the transcription factors to DNA and alter the gene expression pattern (Fig. 3C ) (Dillon and Festenstein, 2002) . To test this hypothesis, hepatic gene expression profiles were examined using high-throughput Agilent whole genome 8x60K rat microarrays in control rats and rats treated with furan for 90 days and in rats 360 days after furan treatment. To identify genes that were differentially expressed between the control and experimental groups, a t test, using a P < 0.05, coupled with a fold-change cutoff >2, was applied. A total of 1134 significantly up-regulated or down-regulated genes was identified in the livers of rats treated with furan for 90 days when compared with control rats (Fig. 4 and Supplementary Table 3 ). In contrast, the number of differentially expressed genes in the livers of rats 360 days after the exposure has ceased was substantially smaller, totaling only 88 genes ( Fig. 4 and Supplementary Fig. 4 ). Pathway enrichment analysis of the differentially expressed genes in the livers of rats treated with furan for 90 days demonstrated a strong enrichment in genes involved in inflammation, cell cycle, p53 signaling, and drug metabolism. Amino acid metabolism, cancer-associated pathways, and calcium signaling were the top 3 gene-enriched pathways 360 days following furan treatment (Table 1) . Interestingly, there was a marked difference in the pattern of hepatic gene expression in rats treated with furan for 90 days and in rats 360 days after treatment. This was evidenced by a substantially greater number of up-regulated/down-regulated genes (ratio ¼ 1.23) in the livers of rats after 90 days of furan treatment, whereas the number of down-regulated genes was 2 times greater than up-regulated genes (up-regulated/downregulated gene ratio ¼ 0.49) 360 days after the cessation of furan treatment. Functional analysis of the differentially expressed genes at 360 days after furan treatment indicated that 41% of these genes were cancer-related (Supplementary Table 4) .
Despite a substantial difference in the number of differentially expressed genes in the livers of rats treated with furan for 90 days and in rats 360 days after furan treatment, 13 genes were expressed in common (Fig. 4) . Five of these genes (Tmtc3, Camsap2, Mon1b, Slc17a6, and Cntnap) exhibited lower expression at both time intervals, whereas the expression of 6 genes (Amn, Aldh1a7, Pde5a, Stk39, Fzd3, and Adcyap1) was decreased 360 days after the cessation of furan treatment compared with value observed at 90 days ( Table 2 ). The expression of only 2 genes (Cml2 and Gfap) was increased 360 days after furan treatment compared with the 90-day value.
Effect of Furan Stop-Exposure on the Gene-Specific Epigenetic Status
In silico analysis of the common differentially expressed genes, using the CpG Island Searcher program (http://www.cpgislands. com) (Takai and Jones, 2003) , revealed the presence of CpG islands in the 7 of the genes, suggesting that they may be regulated by epigenetic mechanisms (Table 2) . To determine FIG. 1. The levels of histone H3K4me1, H3K4me2, H4K20me1, H3K9ac, H3K27ac, and H3K56ac in the livers of control rats and rats treated with furan. A, Representative immunoblots images of histone modifications in the livers of control rats and rats treated with furan. B, Densitometric analysis of the Western blot results is shown as percent change in histone modification level in the livers of furan-treated rats relative to that in the control group, which was assigned a value of 100%. Values are mean 6 SD, n ¼ 5. Asterisk (*) denotes a significant (P < 0.05) difference from the control rats; dagger ( †) denotes a significant (P < 0.05) trend. Equal protein loading was confirmed by immunostaining with anti-histone H4 antibodies.
whether or not these sustained changes in gene expression were associated with furan-induced epigenetic alterations, the status of histone H3K9 acetylation and CpG island methylation was examined. Figure 5 shows that among genes down-regulated in the livers of rats both after 90 days of furan treatment and 360 days after furan treatment ceased (Tmtc3, Mon1b, and Slc17a6), the level of gene-specific histone H3K9 acetylation was lower at both time intervals. Likewise, in genes whose expression was decreased 360 days after treatment compared with the value at 90 days (Pde5a and Stk39), the level of gene-specific histone H3K9 acetylation was lower at either both time intervals (Pde5a) or at 360 days after furan treatment (Stk39). Gene-specific histone H3K9 acetylation was increased in Gfap, the only gene containing GpG island and up-regulated at 360 days after furan treatment. CpG island methylation of these genes in the livers of furan-treated rats did not differ from age-matched control rats at any time interval ( Supplementary Fig. 4 ).
DISCUSSION
The results of several comprehensive studies have indicated that the adverse biological effects of furan, including its liver tumorigenicity, may be associated with furan-induced epigenetic abnormalities (Chen et al., 2010 Jackson et al., 2014; Recio et al., 2013) . In a previous study (Conti et al., 2014) , we demonstrated that long-term exposure of F344 rats to furan at doses 2 and 4 mg/kg bw/day resulted in prominent epigenetic changes in the liver consisting of alterations in DNA methylation and histone lysine modifications, including global DNA demethylation, a marked reduction of the levels of histone H3K9 and H4K20 trimethylation and histone H3K9 and H3K56 acetylation, gene-specific hypermethylation, and an altered expression of chromatin modifying genes. However, there is an insufficient knowledge to clarify whether or not these epigenetic changes are directly related to the furan-treatment or just indirect secondary sequelae of furan-induced cellular alterations. It is important to clarify the role of these changes in the pathogenesis of furan-induced liver toxicity and carcinogenicity.
In this report, we demonstrate that the treatment of F344 rats with furan at 8 mg/kg bw/day for 90 days resulted in alterations of histone lysine methylation and acetylation, induction of BER genes, suggesting oxidative damage to DNA, and changes in the gene expression pattern in the livers. It is well known that for any carcinogen-induced alteration to be associated with the tumorigenic process, it needs to be stable and persist after the factor that caused the changes has been removed (Bannasch, 1986; Christman et al., 1993; Pogribny et al., 2006) . In the present study, by using a stop-treatment approach, we show that a majority of furan-induced molecular changes, including DNA damage, histone lysine methylation, and aberrant gene expression were transient and became restored after cessation of the furan treatment. In contrast to these alterations, histone lysine acetylation, especially, histone H3K9ac and H3K56ac, decreased in a time-dependent manner following furan treatment.
Acetylation of histone lysine residues, in general, and histone H3K9, in particular, has been shown to play a central role in the formation of active chromatin (Luo and Dean, 1999; Si et al., 2010) and is considered as a main mark of promoter activation (Ernst et al., 2011) . Additionally, H3K56 acetylation coordinates a nucleosome assembly (Clemente-Ruiz et al., 2011) and is a key player in DNA replication and repair (Tanaka et al., 2012) . Therefore, it is possible that a persistent furan-induced loss of any of these histone marks may compromise chromatin architecture resulting in the formation of a compact heterochromatin structure. The analysis of the structure of hepatic chromatin in control rats and rats treated with furan showed a formation incorporation into HpaII-digested in the livers of furan-treated rats relative to that in the control group, which was assigned a value of 100% (n ¼ 5). Asterisk (*) denotes a significant (P < 0.05) difference from the control rats; dagger ( †) denotes a significant (P < 0.05) trend. C, A diagram showing an effect of furan effect on chromatin structure. Exposure to furan resulted in the deacetylation of histones and formation of compact chromatin.
FIG. 4.
Whole-genome microarray analysis of gene expression in the livers of control rats and rats treated with furan. Venn diagram showing genes that were significantly different in the livers of control rats and rats treated with furan (P < 0.05, fold change > 2; n ¼ 4).
of a more condensed chromatin in the livers of furan-treated rats, as evidenced by a decreased accessibility of nucleosomal DNA to SssI methylase. More importantly, the formation of heterochromatin in the livers of furan-treated rats was negatively correlated with decrease of histone H3K9 acetylation (r ¼ À0.61, P < 0.05).
One of the main consequences of the heterochromatin formation is a subsequent decrease in gene expression (Grewal and Moazed, 2003; Turner, 1998) . Indeed, the results of this study showed a greater numbers of down-regulated genes that correlated with heterochromatin formation in the livers of rats after 360 days of furan treatment when compared with those in rats treated with furan for 90 days. Importantly, more than 40% of differentially regulated genes after 360 days of furan treatment and more than 60% common differentially regulated genes, including Stk39, Aldh1, Adcyap1, Pde5a, and Gfap, have been reported to have significance in tumorigenesis (Balatoni et al., 2009; Kleinstreuer et al., 2013; Muzio et al., 2012; Okabe et al., 2009; Wentzensen et al., 2014) .
Another important finding of this study is a demonstration that, in addition to the global sustained reduction in acetylation of histone H3K9 and H3K56, furan treatment caused also a gene-specific reduction in the level of histone H3K9 acetylation at genes containing CpG island promoters. Interestingly, a decrease in gene-specific histone H3K9 acetylation correlated with reduced expression of these genes and occurred without changes in DNA methylation. This finding is in good agreement with growing evidence of the importance histone deacetylation as primary epigenetic mark in gene silencing (Liu et A decrease in gene-specific histone H3K9 acetylation has been associated with gene silencing in several major human cancers (Fetahu et al., 2014; Rubinek et al., 2012) . More importantly, Min et al. (2012) have reported that loss of histone H3K9 acetylation at the survivin gene was attributed to liver cancer initiation. In summary, the results of the present study indicate that furan-induced adverse effects may be mechanistically related to a sustained decrease in histone H3 lysine acetylation and consequent formation of heterochromatin that compromise the ability of cells to maintain and control properly the expression of genetic information, which is well-known indispensable event in the tumorigenic process. Our study sheds light on the involvement of epigenetic changes in the mechanism of furan hepatotoxicity and carcinogenicity. However, future studies focusing on the investigation of these epigenetic changes in furan-induced pathological lesions in the liver are needed to provide a conclusive answer on the role of epigenetic alterations in furan hepatotoxicity and carcinogenicity.
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FIG. 5.
Chromatin immunoprecipitation analysis of gene-specific histone H3K9 in the livers of control rats and rats treated with furan. The results are presented as an average fold change in the extent of histone H3K9 acetylation in the livers of furan-treated rats relative to that in the control rats after normalization to input DNA. Asterisk (*) denotes a significant (P < 0.05) difference from the control rats (n ¼ 4). 
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